One of the tests for determining the bond strength of adhesives involves measuring the force or the work required to pull apart two surfaces separated by a thin film of adhesive. The pull-off force is measured via the bending of a cantilever that connects one of the surfaces to a motor controlled vertical traverse. Although such tests are routinely performed, little attention has been paid to the understanding of force measurements and their relation to the dynamics of the instrument. Specifically, the measured force versus gap profile for the pull-off process is different from that measured when the same adhesive is compressed between two approaching surfaces. Through experiments on Newtonian liquids and a simple analysis involving lubrication analysis of thin liquid films, we show that the hysteresis in measurements results from a combination of an instrument-related instability and the nucleation and collapse of cavitation bubbles in the flow field.
I. INTRODUCTION
The means of choosing an adhesive has long been considered an art and it is only recently that scientific techniques are being used in the adhesives industry to characterize them. The trial and error mode of selection has thus given way to a more systematic approach reflecting the multidisciplinary nature of the problem involving interfacial science, rheology and chemical structure-property relationships.
The research reported in this paper is concerned with one such technique, namely the probe tack test, which measures the force required to separate two surfaces bonded by a thin film of adhesive. A typical test consists of bringing a cylindrical probe into contact with an adhesive film for a short time and then removing it at a constant rate. The maximum force required to pull the probe during this process or the total work done in moving the probe from its initial position to a finite large gap is then defined as the sample's tack. Although the surface forces ͑resulting from either van der Waal's forces or electrostatics interaction͒ and the rheology of the adhesive will both contribute to the pull off force, the focus in this paper will be on the influence of the latter on the measurement of tack.
The probe tack test, though a commonly employed procedure to determine the strength of adhesive bonds, has received little attention in terms of the relation between the force measurements and dynamics of the instruments. The goal of this work is to highlight the importance of the instrument specific issues as well as the accompanying fluid dynamics related to bubble nucleation and growth by performing controlled experiments on Newtonian liquids and comparing the results with those obtained by solving equations governing the hydrodynamics. We show that the measured force and gap profiles for the pull-off process are determined not only by the viscosity of the liquid sample, the probe geometry, probe velocity and initial gap but are also dependent crucially on the compliance of the instrument and the presence ͑or absence͒ of cavitation in the flow field.
II. EXPERIMENTAL APPARATUS
The tack measurements were performed on Texture Analyzer © ͑model TA.XT2iHR͒, from Stable Micro Systems Inc., shown schematically in Fig. 1 . The instrument consists of a cylindrical probe of radius R that is connected via a load cell ͑cantilever͒ to a vertical traverse that is controlled by a stepper motor. The sample of interest is placed below the probe on a smooth support ͑base plate͒.
The load cell has a force resolution of 1 mN while the stepper motor can resolve distances as small as 0.001 mm. However, as shall be shown later, corrections to the distance measurements of the order of ten microns were required in order to achieve good agreement with theory.
Each experiment begins in compression with the traverse moving at a specified velocity in the downward direction, causing the probe to squeeze the sample and generate a force. The force is detected by the deflection of the load cell. At the maximum cutoff force, the motion of the traverse is reversed, leading to tension that eventually returns the traverse to its initial position. Thus, at the start of the experiment, the user specifies the data acquisition rate, the initial position of the probe relative to the base plate, the velocity of the traverse in both directions, and the maximum cutoff force in compression. At the end of the experiment, the instrument displays the force and the position of the traverse as a function of time. It is important to note that the gap between the probe and the base plate ͑henceforth referred to as the true gap͒ and the velocity of the probe will both vary in time and will differ from that calculated from the motion of the traverse ͑see Fig. 1͒ . The true gap is then given by
where F is the force measured by a load cell with spring constant k and hЈ is the apparent gap calculated from the velocity (UϽ0 for compression͒ of the traverse. Similarly, the true velocity of the probe can be calculated in the following way,
and from Eq. ͑1͒,
͑2͒
Here, h o Ј is the initial apparent distance of the probe from the base plate at the start of the compressive mode. Every set of experiments is preceded by a computer controlled calibration cycle where the instrument moves the probe away from the base plate to a specified initial position (h o Ј). During the course of the experiments we found that the above calibration procedure was not exact and could lead to errors of the order of 0.010 mm in the probe's position. A plot of force versus apparent gap (hЈ) is shown in Fig. 2 for a set of experiments performed at five different compressive velocities in the absence of any sample ͑henceforth referred to as a blank test͒. The force should start increasing at hЈ ϭ0, i.e., when the probe contacts the table surface. However, as observed in Fig. 2 , the force rises from zero at hЈ ϭ0.015 mm implying an incorrect initial position. Thus, in all our experiments with liquid samples, in addition to the FIG. 1. A schematic diagram of the Texture Analyzer instrument in the compression mode. The setup was modified for later experiments by replacing the aluminum base plate with a Plexiglas plate, enabling us to view the process from below. Note that the gap calculated from only the motion of the traverse will be different from the true value ͑h͒ due to the bending of the load cell.
FIG. 2.
A blank test performed ͑on an aluminum base plate͒ after the position calibration cycle and at five different motor speeds shows a shift of ϩ0.015 mm in probe position. The low pass filter was set at a frequency of 400 Hz. Here, the force is plotted against the apparent gap (hЈ).The experiments were performed on an aluminum base plate.
probe calibration, blank tests were also performed to determine the shift factor (h shift ). Conveniently, a blank test also reveals the spring constant of the load cell as the slope of the force vs hЈ line.
It is also important to note that the instrument has an option for setting the frequency of a low pass filter that removes noise from the force data. At a low frequency setting, the filter damps force readings that change at rates faster than the specified frequency. This was especially important during measurements in compression when the probe suddenly contacts the liquid ͑or solid͒ surface, leading to significant errors in the force measurements and consequently in the calculation of the true gap. In order to eliminate this artifact, the filter was assigned the highest possible frequency of 400 Hz.
III. MATERIALS
With the above corrections, we next performed experiments on two Newtonian liquids, namely, a mineral oil with viscosity of 1.8 Pa s ͑product#: S600, Cannon Instrument Company͒ and a silicone oil with viscosity of 59.3 Pa s ͑product#: 60000 cps, Brookfield Engineering Laboratories, Inc.͒. The viscosities of both liquids were measured independently at a temperature of 23Ϯ0.1°C. A cylindrical probe of radius 3.5 mm was used in all experiments performed on the Texture Analyzer. While an aluminum base plate was used for the initial set of experiments, later experiments utilized a Plexiglas plate of thickness 12 mm to enable visualization of the probe motion from below the transparent plate.
IV. EXPERIMENTS IN COMPRESSION
It is well known that when a thin film of a very viscous Newtonian liquid is squeezed between two circular plates of radius, R, the force, F, required to move the upper plate at a speed of ͉dh/dt͉ towards the lower plate, is given by
where h is the gap between the plates and is the viscosity of the liquid. In keeping with the previously mentioned sign convention, the force is negative in compression. The above relation, derived from a standard lubrication approximation, 1,2 is valid for very small gaps (h/RӶ1) when the effects of both inertia and surface tension can be neglected. Lee et al. 3 have in fact solved the full Stokes equation numerically for finite gaps and show that the error in the approximation is negligible as long as h/R ϽO(10 Ϫ1 ). Since, in the present case, the Texture Analyzer measures the lubrication force from the bending of the load cell, Eq. ͑3͒ can be recast with Eq. ͑2͒ in terms of the apparent gap (hЈ) yielding
͑4͒
For a given set of parameters, Eq. ͑4͒ can now be solved as an initial value problem to obtain the lubrication force as a function of hЈ or h ͓from Eq. ͑1͔͒.
Preliminary experiments showed that, besides the shift factor (h shift ) obtained from the blank tests, an additional shift of ϩ0.014 mm in the position was required to achieve good agreement with the theoretical predictions. Though the origin remains uncertain, we found this constant value to be independent of the speed of the traverse and highly reproducible. Thus, the experimentally determined true gap, after the necessary corrections, is given by
was solved using Maple © software ͑version 6͒, which employed a Fehlberg fourth-fifth-order Runge-Kutta method. 4 As an initial condition, the force was assigned a small number at a large apparent gap (hЈ) and Eq. ͑4͒ was integrated to obtain the value of the force as a function of the apparent gap. Figures 3 and 4 present the results of experiments performed in compression on the two Newtonian liquids for five different stepper motor velocities, along with the corresponding theoretical predictions obtained on solving Eq. ͑4͒. Although the viscosity varies over two orders of magnitude, the deviation between the experimental results and the theoretical predictions is Ϯ0.01 mm or Ϯ0.2 N. The inset in Fig. 3 presents the force profile on a log-log plot and as expected, the profiles are not linear due to the variation of probe velocity with gap.
V. EXPERIMENTS IN TENSION
Since the ultimate goal of the Texture Analyzer is to measure the separation force as a function of gap, the experimental results in the tensile mode for the Newtonian liquids also must match with those predicted by theory. A complete picture of an experiment containing measurements in both compression and tension is presented in Fig. 5 for the high viscosity oil ͑59.3 Pa s͒ with the speeds in compression and tension set at 0.2 mm/s and the cut off force specified as Ϫ9.8 N. In addition to the force, the figure also depicts the true gap as a function of time.
As the probe approaches the base plate ͑and squeezes out the liquid͒, the compressive force increases with decreasing gap, while the probe velocity initially remains constant at Ϫ0.2 mm/s ͑shown by the constant slope of h vs t). As the gap decreases further, the lubrication force increases leading to an increased deflection of the load cell and a corresponding decrease in the magnitude of the probe velocity. When the instrument detects a force greater than the specified cutoff value, the traverse reverses direction and begins to move away from the surface at tϷ2.1 s. The true gap continues to decrease, however, since the load cell remains in compression until tϷ2.5 s, after which the constant upward motion of the traverse exerts a tensile force on the sample. The gap begins to increase slowly and remains approximately symmetric about tϷ2.5 s ͑see the dotted line in Fig. 5͒ . At t Ϸ3.2 s, the probe accelerates to a large velocity in a short time and subsequently decreases to that of the traverse. During this time, the force ͑in tension͒ peaks at a value of ϩ11 N and then decreases to zero. At first glance, it seems surprising that the force and the gap profiles are not symmetric about tϷ2.5 s, given that the traverse moves at the same speed in both compression and tension. Even more intriguing is the fact that, during the tensile mode, the probe accelerates to a high speed in an extremely short time while the traverse continues to move at a constant velocity of ϩ0.2 mm/s.
The apparent anomaly can be understood by taking a closer look at the governing equations. The dimensionless form of the lubrication equation for the experiment in tension can be written explicitly as the balance of the lubrication force and the spring force ͑resulting from the deflection of the load cell͒,
where
Here, ␣ represents the ratio of the spring force of the load cell to the viscous force exerted by the liquid. At tϭ0, h (0)ϭ1 which results in a force that is initially zero. Although the previously derived expression for compression ͓Eq. ͑4͔͒ is equivalent to the above equation, we will analyze the latter for clarity. Equation ͑6͒ was solved using Matlab Figure 6 presents a plot of the true gap and the force as a function of time obtained by solving Eq. ͑6͒ for the tensile mode of the experiment. When the traverse starts to move at the specified speed ͑at tϭ0), the true gap is small and the force required to move the probe is large. Therefore, even though the traverse moves at a constant speed, the velocity of the probe is retarded by the lubrication force which results in a load cell deflection that increases linearly with time. Thus, for tϽ8, the increasing load cell deflection leaves a very small increase in both the gap and the probe velocity. However, since the lubrication force decreases rapidly (1/h 3 ) with increasing gap, the small increase in the gap at around tϭ9 allows the load cell to retract quickly and, in the process, accelerates the probe to a high velocity. This rapid increase ͑and subsequent decrease͒ in the probe velocity occurs in a short time (10Ͻ tϽ11) during which the deflection in the load cell equilibrates with the reduced lubrication force. Finally, at around tϭ11, the spring force falls to a very small value.
The magnitude of the maximum force in tension can be determined on the basis of a simple order of magnitude analysis. For short times, when h ϳ1, Eq. ͑6͒ reduces to dh dt Ϸ␣ t; h ͑ 0 ͒ϭ1, which results in a gap that varies as
The sharp increase in the gap thus occurs when ␣ t 2 ϳO (1) or tϳO(1/ͱ␣) and is accompanied by a maximum in the force, F max ϳO(1/ͱ␣). For ␣ϭ0.0094, this corresponds to F max ϳ10 at tϳ10 which agrees with the observations noted above. Figure 7 compares the experimentally determined gap (h ( t)) as a function of time ͑tension only͒ for the high viscosity silicone oil (ϭ59.3 Pa s) with the numerical solution of Eq. ͑6͒ for ␣ϭ0.1166, which corresponds to an initial gap of h(0)ϭ0.054 mm. Here, the initial gap corresponds to that separating the compressive mode from the tensile mode ͑see the dotted vertical line in Fig. 5͒ . Although the value observed, after corrections ͓Eq. ͑5͔͒, was h(0)ϭ0.052 mm, we used a slightly higher value ͑0.054 mm͒ to obtain better agreement, since the ad hoc correction of 0.014 mm in Eq. ͑5͒ is susceptible to errors of the order of a micrometer. The plot for the force as a function of the true gap is shown in dimensionless form in Fig. 8 . There is excellent agreement between the theoretical predictions for the gap and the force profiles and the respective measurements. The theory is able to capture both the slow increase in gap for short times and the rapid increase at tϷ2.5. As expected, the latter coincides with the maximum in the force measurement. Except for a small disagreement at 4рh р6, the force predictions also agree well with the measurements. The disagreement, though small, is somewhat surprising due to the distinct change in slope at h ϭ4, which indicates that there may be more to the pull off process than described by our simple model.
Figures 9 and 10 compare the gap and force measurements for the lower viscosity mineral oil (ϭ1.8 Pa s) with the predictions for two different values of ␣, 0.0129 and 0.0094, which correspond to initial gaps (h(0)) of, respectively, 0.013 mm and 0.012 mm. The experimentally determined true gap after the corrections ͓Eq. ͑5͔͒ was approximately 0.012 mm. The solution to the model equations demonstrates the sensitivity of the gap and force to variations in the initial gap of 0.001 mm. In addition, the smaller value of ␣ ͑as compared to the high viscosity case, Figs. 7 and 8͒ moves the rapid increase in gap to longer time and yields a higher force maximum. Both the force and the gap for t Ͻ9 (h Ͻ2) agree well with those determined from the model equations for ␣ϭ0.0094, but deviate significantly at longer times. Specifically, the gap increases at a rate that is much faster than predicted and oscillates for a short time before equilibrating with the traverse motion. This is indeed surprising as one would expect the inertia of the instrument ͑ne-glected in the theoretical analysis͒, presumably responsible for the oscillations, to retard, rather than accelerate, the probe. We shall return in the next section to analyze the above discrepancies in more detail.
The comparisons of the measurements for the tensile mode for both Newtonian liquids with theory show that the simple lubrication analysis captures well the main features of the force and gap profiles. Except for a small discrepancy, the agreement was very good for the high viscosity silicone oil. On the other hand, the deviations in case of the lower viscosity mineral oil were significant.
During the course of this work, we came across a similar analysis by Francis and Horn, 6 who performed tensile mode experiments with Newtonian liquids of viscosities in the range of 60-100 Pa s. Their experimental geometry differed from ours, consisting of round ended probes having radii R ϭ20-200 mm and a lower flat glass surface. They found good agreement between their experimental results and the lubrication approximation for traverse speeds between 0.001 mm/s and 0.1 mm/s. It should be noted, however, that the expression for the lubrication force for their geometry is given by
where h is the minimum gap between the probe and the glass plate. Since the lubrication force for the the round probe geometry varies inversely with gap compared to a cubic dependence for the flat probe, the force measurements would result in lower maxima for tensile experiments conducted under similar experimental conditions. For this reason, we look to cavitation ͑to be discussed in the next section͒ to explain the prominent deviations from the simple lubrication theory with the flat probe geometry.
VI. CAVITATION
The rapid increase in the probe velocity, the deviations in force measurements and the observed oscillations for the lower viscosity oil motivated us to investigate the possibility of cavitation during the tensile mode of the test. We anticipate the presence of extremely low pressure regions in the flow domain that may cause the liquid to cavitate and thus affect the force measurements.
Before proceeding with the analysis on cavitation, we would like to note that the presence of holes/cavities in adhesives and their growth and collapse has been well known. Gent and Lindley 7 studied the sudden appearance of internal cracks in bonded rubber cylinders at small tensile loads. They show that at a critical value of reduced internal pressure, an existing cavity/defect in the rubber would burst leading to marked changes in the load-deflection relationship. A series of recent experimental studies by Zosel 8,9 on transparent pressure sensitive adhesives have confirmed the growth of cavities by means of high-speed photography. In contrast, the situation considered here is somewhat different in that the nucleation and growth of bubbles occurs when the pressure in the flow field decreases below the vapor pressure of the liquid. A preliminary study dealing with this specific issue by Banks and Mill 10 measured the peak forces observed when separating two brass cylinders stuck together with thin films of Newtonian liquids. A simple order of magnitude analysis showed that the deviations of their measurements from those predicted by the simple lubrication expression ͓Eq. ͑3͔͒ could be attributed to the onset of cavitation. Our goal, in this section, is a detailed lubrication analysis accounting for bubble nucleation and growth to predict force and gap profiles for comparison with those measured.
The lubrication analysis with h/RӶ1 ͓Eq. ͑3͔͒ yields a parabolic profile for the relative pressure, P,
where p is the absolute pressure in the liquid, r is the radial coordinate and p atm is the atmospheric pressure. It should be noted that the analysis assumes negligible variations of the pressure in the axial direction. The above relation shows that for large velocities and/or small gaps the absolute pressure can fall below the vapor pressure of the liquid for rϽR c leading to cavitation in that region. Then the reduced viscous force might cause the probe to accelerate faster than predicted by the standard lubrication equation ͓Eq. ͑6͔͒ . In order to analyze this situation, we return to the radial momentum equation, which after integration across the gap gives the radial velocity as a function of the axial and the radial coordinates,
͑9͒
On substituting the above expression in the continuity equation and integrating in the axial direction, we obtain the differential equation for the relative pressure,
On assuming that a single cylindrical bubble of radius R c (t) containing vapor at pressure p v is formed during the pull-off process and that any accompanying surface tension effects are negligible, the above differential equation is integrated twice with the boundary conditions that the absolute pressure at rϭR c (t) equals to the vapor pressure of the liquid, P ϭp v Ϫ p atm , and that P(rϭR)ϭ0. This yields the expression for the pressure as a function of the radial coordinate for the region rуR c (t),
Thus the pressure is no longer parabolic, but involves a logarithmic term. The pull-off force can then be calculated by integrating the pressure over the probe surface,
͑12͒
As before, equating this expression for the viscous force to the force exerted by the load cell results in a first order nonlinear differential equation for the true gap, h(t), as a function of time. However, we need an additional equation to relate the radius of the vapor bubble R c (t) to h(t). The required relation can be obtained by equating the average radial velocity in the fluid at rϭR c (t) to the rate of change of the vapor bubble radius. Integrating Eq. ͑9͒ across the gap yields
On nondimensionalizing, the governing equations become
Here, as before, ␣ determines the ratio of the spring force to the viscous force whereas ␤ signifies the importance of the spring force relative to that exerted by the vapor bubble. Equations ͑14͒ and ͑15͒ can now be solved simultaneously as an initial value problem for a given initial gap and bubble radius.
In the above analysis, we have assumed that the bubble nucleation occurs when the pressure in the liquid falls below its vapor pressure. However, Joseph 11 points out that a rigorous criterion for the inception of cavitation would require comparing the principal stresses at each point in the moving fluid with the tensile strength of fluid. This stems from the fact that while pressure is a measure of the average of the normal stresses, the principal stresses determine the true state of stress in the liquid. As a consequence, the liquid should cavitate when any one of the principal stresses exceeds the tensile strength of the liquid. The cavity/bubble would then be expected to open up in the direction of maximum tension. In addition, Knapp et al. 12 note that while the vapor pressure is defined as the equilibrium pressure, at a specified temperature, of the liquid's vapor in contact with an existing free surface, cavitation involves creation of a cavity in a homogeneous liquid by liquid rupture. The stress required to do the latter is not measured by the vapor pressure but is the tensile strength of the liquid at that temperature. Theoretical calculations for the tensile strength of water, 13 assuming a van der Waals equation of state, predict a value of 5 ϫ10 7 Pa while the measured strength is not only lower but also varies over a wide range (10 5 to 3ϫ10 7 Pa). The large variation is attributed to various factors such as debonding of the liquid from the solid surface ͑rather than breakup inside the liquid͒, presence of dissolved gases and existence of minute bubbles trapped in tiny crevices in the walls of the container. 14 Evaluation of the principal stresses in our case shows that the maximum tension is equal to the pressure plus additional terms that are at least O(h/R) smaller than the pressure. In view of the small gap to probe radius ratios in our experiments, the maximum tension can be assumed to equal the pressure. In the absence of a reliable set of data for tensile strengths of silicone and mineral oils and the sensitivity of measured tensile strength to experimental conditions, we assume that liquid cavitates when the tension falls below the vapor pressure of the liquid ͑also referred to as vaporous cavitation 15 ͒. Since the inception of cavitation is sensitive to absorbed gases in the liquid, our samples may have withstood much larger tensile stresses ͑negative pressures͒ if they had been degassed prior to experiments.
In order to obtain the full force and gap profile for specific values of ␣ and ␤, we first solved Eq. ͑6͒ by marching in time till the pressure at the center of the probe decreased by about 10 Ϫ2 Pa below the vapor pressure of the liquid. Then, the radius of the bubble, calculated from Eq. ͑8͒, and the resulting gap were used as initial values for solving Eqs. ͑14͒ and ͑15͒. Finally, when the bubble radius decreased to zero, Eq. ͑6͒ was again solved to obtain the remaining part of the profile. Figure 11 presents the force and the gap profile along with the bubble radius as a function of time for ␣ϭ0.0055 and ␤ϭ0.3138 which corresponds to the experiment to be discussed shortly in Figs. 13 and 14 . Initially, when the probe velocity is small, the pressure is everywhere greater than the vapor pressure of the liquid and the force is determined by Eq. ͑6͒. However, at tϷ1.5, a bubble nucleates at the center of the probe and initially increases in radius with time, reaching a maximum of R c ( t)Ϸ0.7 at tϷ9 and then decreasing quickly to zero at tϷ10.5. The sharp increase in the bubble radius close to tϷ9 coincides with an equally steep increase in the gap. The maximum force is observed at a slightly lower value (tϷ8.4) when the dimensionless gap is about 2.0. The decreasing bubble radius for 9.0ϽtϽ10.5 retards the probe as seen by the changes in slope of both the gap and the force profiles. The reader may recall a similar change of slope in the force profile observed for the high viscosity silicone oil ͑Fig. 8͒. The figure also includes the solution to the original lubrication approximation ͓Eq. ͑6͔͒ for the same value of ␣ so as to highlight the influence of cavitation on the force profile. It is clearly seen that cavitation drastically reduces the maximum force. It is interesting to note that while the steep increase in the gap obtained from both the simple model ͓Eq. ͑6͔͒ and the extended theory are caused by the mismatch between the viscous and the spring force, the increase from the latter is hastened by the formation of the vapor bubble. The bubble dynamics predicted by the model can be better understood by noting the pressure profiles during the growth and collapse stages of the cavitation process ͑Fig. 12͒. At tϭ7.8, when the bubble is expanding, the dimensionless pressure profile exhibits a minimum resulting in a radially outward flow of liquid near the bubble and a reverse inward flow at the periphery of the probe. The existence of such a pressure profile assumes that the lower pressure region outside the bubble does not facilitate the formation of new bubbles but only contributes to the growth of the already existing bubble at the center. Although the assumption simplifies the analysis, experimental observations, to be presented shortly, not only show the nucleation of bubbles away from the center but also confirm the presence of multiple bubbles in the flow field. In contrast, during the bubble collapse stage (tϭ10.1), the pressure monotonically increases with radial distance resulting in a radially inward flow everywhere.
Since the discrepancy between the experiments and the simple model ͓Eq. ͑6͔͒ was most serious for the low viscosity oil, we next compare, in Figs. 13 and 14 , the experimental results with the predictions of Eqs. ͑14͒ and ͑15͒ for ␣ ϭ0.0055 and ␤ϭ0.3138. This corresponds to an initial gap of 0.0105 mm, a liquid vapor pressure of 10 Ϫ5 Pa and a traverse speed of 0.2 mm/s. The vapor pressure for most mineral and silicone oils is extremely small and lies in the range of 10 Ϫ6 -10 Ϫ5 Pa. Since the vapor pressure for both the oils is at least ten orders of magnitude lower than the ambient pressure, the value of ␤ is essentially unchanged on assuming a zero vapor pressure for the liquids. Figure 13 also includes a plot of the bubble radius as a function of time. In contrast to Eq. ͑6͒, the modified theory predicts correctly not only the gap for short times but also captures rather accurately the steep increase at tϷ9. There is a disagreement, however, for 9.2Ͻ tϽ10.4 during which the probe oscillates and equilibrates with the motion of the traverse. We believe that the disagreement is a result of the complex dynamics caused by the inertia of the probe and the more complex effects of bubble nucleation and/or collapse. Except for a slightly smaller force maximum and a modest deviation at long time, the theoretical force profile ͑Fig. 14͒ agrees well with the full experimental profile. Once again, as with Eq. ͑6͒, the theoretical predictions were very sensitive to the initial gap thickness. Although the observed initial gap, after corrections ͓Eq. ͑5͔͒, was 0.012 mm, a slightly lower value ͑0.0105 mm͒ was used in the calculations since the ad hoc correction of 0.014 mm in Eq. ͑5͒ is susceptible to errors of the order of a micrometer. Figures 15 and 16 present, respectively, the experimentally determined gap and force profiles for the high viscosity liquid along with the theoretical predictions from Eqs. ͑14͒ and ͑15͒. The theoretical curves have been plotted for ␣ ϭ0.1166, ␤ϭ1.6136 which correspond to an initial gap of 0.054 mm with a traverse speed of 0.2 mm/s and a vapor pressure of 10 Ϫ5 Pa. The experimentally measured value for the initial gap was 0.052 mm. The figures also include the solution to the simple model ͑6͒ for the same value of ␣ ͑cf. Figs. 7 and 8͒ . The theoretical predictions with cavitation compare poorly with the experimentally observed values. While the force profile predicted by the theory is significantly lower everywhere than the measured values, the sharp increase in the predicted gap occurs much before the observed values. The excellent agreement of the experimental measurements with the predictions of the simple model for ␣ϭ0.1166 and the strikingly different result with the extended model suggests that cavitation bubbles do not nucleate in the high viscosity liquid. This does raise questions regarding the conditions reponsible for the nucleation of the vapor bubbles and whether a mere decrease in liquid pressure below the vapor pressure is enough to guarantee nucleation.
In order to consolidate our findings and to resolve some of the issues regarding cavitation, we performed tensile tests with a Plexiglas base plate of thickness 12 mm. These experiments visualized the pull-off process via a mirror placed at 45°to the horizontal below the transparent plate ͑Fig. 1͒, for comparison with the force and gap measurements. The complete process involving compression and tension was recorded on a conventional VCR that grabbed images at a rate of 30 frames/s. The relevant sections of the recordings were later digitized into separate frames using Meteor2Capture © image analysis software.
Blank tests performed on the Plexiglas base plate showed that the plate deformed slightly during the compressive mode of the test. Since the deformation was elastic, the force versus the apparent gap profile was linear resulting in an effective spring constant of 1.02ϫ10 5 N/m, which was used to determine the true gap from Eq. ͑5͒. Figure 17 compares the gap and the force measurements obtained from experiments on the low viscosity liquid for ␣ϭ0.014, ␤ϭ0.4772 with those predicted by the modified lubrication analysis with a traverse velocity of 0.6 mm/s and an initial gap of 0.018 mm. The figure also includes a plot of the predicted bubble radius along with images of the pull-off process. Since the VCR recording was not synchronized with the data acquisition system of the Texture Analyzer, we assumed that the occurrence of the largest bubble size coincided with that predicted by theory to position the frames on the time axis. As predicted, the images reveal nucleation, growth and subsequent collapse of the cavitation bubbles. The bubble nucleates first close to the outer periphery of the probe and displays dendritic growth while propagating towards the center. This, however, is in contrast to the model assumptions of a cylindrical bubble that nucleates at the cen- ter and then grows radially outward with time. It is quite possible that surface roughness on the probe/Plexiglas plate in our experiments causes the nucleation to occur away from the center, leading to an asymmetric growth. Interestingly, the growth and collapse of the cavitation bubble occurs in a time frame that agrees well with the theoretical predictions. Both the force and gap profiles agree remarkably well with the experimental measurements. The theory captures the initial slow increase of the gap, the sudden jump, and the subsequent variations with time. The Reynolds numbers, calculated for the bubble expansion and collapse phases, are significantly smaller than unity, justifying the neglect of inertial terms in our analysis. The full force profile including the maximum are also predicted accurately. It is indeed remarkable that a simple lubrication model that assumes a cylindrical bubble cavitating at the center reproduces all the essential features of the force and gap measurements. While the bubble nucleated at about the same location for all experiments with the low viscosity liquid and the measurements were highly reproducible, this was not so with the higher viscosity silicone oil, for which the cavitation was random and, in some cases, the bubble nucleated close to the center of the probe. Figure 18 presents a set of three experiments performed on the high viscosity silicone oil at a traverse speed of 0.2 mm/s. The figure also includes images of the cavitation bubbles at the maximum size for each of the three cases. While all three experiments were performed under the same experimental conditions and resulted in similar forces in compression, the measurements in tension differ significantly. The profiles along with the corresponding images suggest a direct relationship between the size of the bubble and the force profiles. The highest forces in tension were measured for Expt-B3 where the size of the cavitation bubble was the smallest. Conversely, Expt-B4 with the largest bubble resulted in the lowest forces. Also, the large bubble in Expt-B4 was accompanied by two smaller independent bubbles, implying multiple nucleation sites. This observation can be reconciled with the pressure profile for the growth phase ͑Fig. 12͒, if additional bubbles are allowed to nucleate in the low pressure region outside the primary ͑cen-tral͒ bubble. All these results seem to imply that the reduction of pressure below the vapor pressure does not guarantee cavitation with the high viscosity liquid and that the force and gap measurements are crucially dependent on the time of nucleation during the pull off process and the number of nucleation sites in the flow domain.
A further evidence of this fact is seen in Fig. 19 where we depict the gap and the force measurements along with the theoretical predictions for ␣ϭ0.0243, ␤ϭ1.3123, which correspond to a traverse velocity of 0.6 mm/s and an initial gap of 0.0495 mm. As before, the largest bubble size was assumed to coincide with the prediction. Although the collapse of the bubble occurs in the same time scale as predicted by theory, the nucleation and growth are rather sudden. From tϭ3.9(ϭ0.9t max ) to tϭ4.3(ϭ t max ), which is the time between successive frames, the bubble nucleates and rapidly achieves its maximum size. Again, as with the lower viscosity liquid, the bubble is not circular and displays a dendritic form. There is, however, over all good agreement of the force and the gap measurements with those predicted. The theory captures all the essential features of the force and gap measurements, though the observed increase in the gap around tϷ4 is much faster than predicted. The disagreement appears to be caused by unstable growth of the bubble after nucleation, leading to a higher acceleration of the probe ͑compared to the theoretical value͒. Although the inertial effects might become important during the unstable growth of the bubble, the Reynolds number during the collapse was significantly lower than unity.
The dendritic growth of the cavitation bubble occurs according to the well known instability of viscous fingering where a plane interface between two fluids is unstable to small disturbances as the interface moves towards the more viscous fluid. 16 The pressure profile presented in Fig. 12 for the growth period clearly shows that the high pressure inside the bubble would displace the outer low pressure liquid, resulting in an unstable interface. The linear stability analysis derived by Saffman and Taylor 16 for a planar front has been extended to the radial case, 17 with the wavelength of the fastest growing perturbation given by
where R b is the radius of the bubble, ␥ is the interfacial tension, hQ is the volume flow rate and, is the viscosity of the liquid phase ͑assuming that the viscosity of the vapor phase is negligible͒. With an interfacial tension of 0.03 N/m and the conditions of the experiments in Figs. 17 and 19 , the critical wavelength, at the inception of the bubble, should be about 0.09 mm ͑at tϭ0.4t max ) for the low viscosity mineral oil and 0.22 mm ͑at tϭ0.9t max ) for the high viscosity silicone oil. These numbers are in approximate agreement with the finger spacing observed in the images. 
VII. CONCLUSION
For Newtonian liquids in compression, the Texture Analyzer monitors quite accurately the lubrication force as a function of the gap, provided the data are corrected appropriately. The measurements in tension, on the other hand, revealed an instrument related instability that caused force and gap profiles to differ significantly from those obtained in compression. A simple balance of the viscous resistance to flow with the spring force of the load cell ͓Eq. ͑6͔͒ relates the hysteresis in the gap and force profiles to the dissimilar dependence of the two forces on the gap. While the lubrication force varies inversely with the cube of the gap, the spring force depends linearly on it, causing the probe to accelerate to high speeds during the pull-off process.
Predictions of the simple lubrication theory ͓Eq. ͑6͔͒ with the experimental measurements for the initial set of experiments ͑Figs. 7-10͒ capture well the main features of the force and gap profiles. While good qualitative agreement was found for experiments performed on the aluminum base plate for both the high and low viscosity liquids, the theory matched extremely well ͑quantitatively͒ with the experimental results for the former. For the latter, significant variations from theory were observed with the probe traveling much faster than predicted. The calculated force and gap profiles in tension also were extremely sensitive to the initial gap values.
The discrepancy between the experiments and the theory for the low viscosity liquids motivated us to look for cavitation. On the basis of the lubrication approximation, we derived a set of first order nonlinear differential equations governing the gap and the bubble radius as a function of time. Predictions of the extended theory for the low viscosity case agreed excellently with the experimental results; observations through a transparent base plate confirmed nucleation, growth, and collapse of cavitation bubbles. Although the bubbles displayed a dendritic form quite far from the cylindrical shape assumed in deriving the model, the growth and the collapse occurred on time scales that agreed well with those predicted.
The experiments in tension on the high viscosity silicone oil revealed irreproducible nucleation and growth of bubbles for experiments repeated under similar conditions. These results suggest that pressures lower than the vapor pressure of the liquid are not sufficient to trigger nucleation of the bubbles in the high viscosity oil. This brings us to the question of the best procedure for measuring the strength of adhesive bonds. The routine method, as practiced in most of the adhesive industry, involves tensile tests to determine either the maximum force or, more appropriately, the area under the full force versus gap curve. The analysis and experiments presented here indicate that both quantities depend crucially on the instrument compliance and the complex fluid mechanics of bubble nucleation, growth and collapse, as well as the variables of primary interest, i.e., the viscosity and the imposed instrument settings. Cavitation significantly lowers the maximum force and the total work. Experiments performed with the waterborne adhesives, which are aqueous colloidal dispersions containing soft polymer spheres and exhibit shear thinning rheology, also reveal nucleation and collapse of cavitation bubbles. Analysis of these aspects is postponed to a future publication.
